Nd and Sr isotope compositions of fenites shed new light on the INTRODUCTION interpretation of the large isotopic variability among the magmatic
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NUMBER 11 & 12 NOV & DEC 1998 mantle component EM I (Bell & Dawson, 1995) . The Fenites of crustal materials are a widespread component among the xenolithic blocks found in all of the favoured interpretation by Bell & Dawson (1995) and Bell & Simonetti (1996) of this isotope variation invokes stratigraphic units of Oldoinyo Lengai (Dawson, 1962) .
To evaluate the possible influence of these fenitized wall discrete partial melting events of a heterogeneous mantle source dominantly characterized by HIMU and EM I rocks on the isotopic compositions of the silicate lavas and plutonic xenoliths, we conducted an Nd and Sr mantle components.
If the silicate magmatic rocks represent un-isotope investigation on 11 fenite xenoliths. A petrographic study allowing assessment of the degree of fencontaminated separation products of primary carbonated itization independent of the isotopic data is a prerequisite silicate magmas by liquid immiscibility at crustal levels to this work. In addition, nine plutonic and volcanic (Kjarsgaard et al., 1995) , one should find comparable silicate igneous xenoliths as well as one sample of the isotope variations for the carbonatites. However, at least natrocarbonatite lava extruded on 17 October 1995 have for the recent carbonatite lavas of 1960 , 1988 , 1993 (Bell been analysed. & Dawson, 1995 Bell & Simonetti, 1996) , and, as is shown in the present paper, for the carbonatite flow of 17 October 1995, the natrocarbonatites of Oldoinyo Sr ratios, which do, however, Oldoinyo Lengai, the youngest of a group of Quaternary exceed the limits of analytical uncertainty. The car-volcanoes in the East African Gregory Rift Valley, lies bonatite data plot close to the CHUR and the Bulk Earth close to the southern shores of Lake Natron in northern compositions, respectively. Only the data for nephelinites Tanzania. Although famous for its active natrowith the most depleted Nd and Sr isotope signatures carbonatite magmatism (Dawson, 1962; Bell & Keller, [group I nephelinites, as defined by Bell & Dawson 1995) it consists predominantly of nephelinitic and phon-(1995)] and a few phonolite and ijolite blocks have similar olitic tuffs and lavas, both of which contain a wide compositions, yet in detail are slightly more depleted spectrum of xenoliths including plutonic igneous rocks than the carbonatites. Despite this slight isotopic contrast (e.g. the ijolite series, pyroxenites and nepheline syenites) the conjugate formation of the carbonatites and the and wall-rock xenoliths. Most types of xenolithic blocks silicate magmas by liquid immiscibility cannot be ex-are found in the Unit I tuffs, the lowest in the stratigraphic cluded, as the current carbonatites temporally are not sequence, as well as in the younger Unit III black tuffs, strictly correlated with these group I nephelinites. Tex-which contain the earliest evidence for natrocarbonatite tures of silicate globules in the natrocarbonatite are lavas (Dawson, 1993) . The mineralogy, petrology and interpreted to provide evidence for such unmixing geochemistry of a suite of plutonic ejecta have been (Church & Jones, 1995; Dawson et al., 1996) . described in detail by Dawson et al. (1995) , and the Petrological and geochemical characteristics of the mineral and petrochemistry and the petrography of the nephelinite and phonolite lavas from Oldoinyo Lengai silicate lavas have been reported by Donaldson et al. are indicative of highly evolved parental magmas (Don-(1987) . The petrography and the chemical variation, aldson et al., 1987) . Low Ni, low Cr and low Mg contents especially of the plutonic blocks, indicate a derivation are also widespread among ijolite xenoliths (Dawson et from a structurally complicated sub-volcanic complex. al., 1995) , which are suggested to represent plutonic Fenite xenoliths are found thoughout the stratigraphic equivalents to the nephelinites. As all these rocks are not sequence of pyroclastic material (Dawson, 1962) . They related by simple crystal fractionation, Donaldson et al. demonstrate chemical interaction of the alkaline magmas (1987) invoked a selective interaction of the magmas with with the wall rocks. The first petrologic investigations of wall rocks to disperse the rock compositions. Such a these rocks, by Morogan & Martin (1985) , revealed two concept is supported by new Nd-Pb-Sr isotope in-distinct wall-rock lithologies: amphibolites, referred to as vestigations (Bell & Simonetti, 1996) . Ijolite and phonolite metagabbros by Morogan & Martin (1985) Bell & Simonetti (1996) suggested, for Oldoinyo Lengai, PREMA or DMM as a Xenolith samples were collected on the northwestern third mantle component, or that lower-crustal granulites slopes of Oldoinyo Lengai (samples OL17), and the plains (samples OL16) and gullies (samples OL18) north of the were involved in magma formation.
volcano. All samples relate to stratigraphic Unit III of Syenite OL16/5 is a transitional sample between the fenites on the one hand and the plutonic xenoliths on Dawson (1962) . Additionally, the carbonatite flow of 17 the other hand. It represents the inner angular part of a October 1995 was sampled (sample OL17/SOL2). The composite xenolithic block, which is surrounded by a samples were split into three groups: the fenites, the seam of coarse-grained syenite. The whole structure plutonic xenoliths and the volcanic rocks. Where possible, resembles the heterogeneous character displayed by fenite the nomenclature used by Donaldson et al. (1987) and samples although, under the microscope, both rock units Dawson et al. (1995) was adopted here for the description display a distinct magmatic character. of the magmatic rock types. The term fenite is used
The plutonic xenoliths consist of ijolites and pyexclusively for those xenoliths that show textural evidence roxenites. Among these samples OL17/20 contains 2 (veins, relic minerals and textures) for a fluid-rock intervol. % of a green glass. The ijolite series is characterized action in the solid state.
by varying nepheline:clinopyroxene ratios (vol. %), which Fenite xenoliths are texturally and mineralogically range from 50:40 to 4:88. Apatite, perovskite, melanite heterogeneous. On the one hand, this is due to the and/or titanite are common minor components or acoriginal heterogeneity of the precursor wall rocks. Two cessories. Sample OL17/12 contains globular inclusions types of precursors are distinguished, granite gneisses and of augitic pyroxenite, several millimetres in diameter, amphibolites. On the other hand, the heterogeneity of that are surrounded by a millimetre-wide rim of Tithe xenoliths reflects the different grades of fenitization, bearing biotite. For isotope analysis the inclusions were and the different styles of interaction of the fluid phases not separated from the sample. The three pyroxenite with the wall rocks during metasomatic alteration. The samples OL17/2, OL17/3 and OL17/10 are texturally most obvious macroscopic evidence is an intensive veining different. OL17/2 is composed of fine-grained Ti-bearing consisting of aegirine augite-rich mineral associations clinopyroxene, the euhedral crystals of which are poiki-(sample OL17/19) and the formation of irregular litically overgrown by biotite. Perovskite is a major comschlieren and patches of aegirine augite (sample OL16/ ponent in this sample. OL17/10 is composed dominantly 4). This type of alteration is observed in samples in of Ti-bearing clinopyroxene, which shows, however, a which relic feldspar and quartz grains demonstrate their very heterogeneous texture. Patches of very coarsegranite-gneiss parentage. In contrast, the four samples grained, anhedral clinopyroxene crystals are enveloped of fenitized amphibolite are homogeneous and more by small subhedral clinopyroxene prisms, which are coarse grained compared with the acid fenites, and black-arranged in a flow structure. Apatite is prominent in the to-green-and-white mottled (OL18/3a).
groundmass of this pyroxenite. Sample OL17/3 is a The formation of aegirine augite needles along grain jacupirangitic pyroxenite characterized by a fine-grained boundaries of quartz crystals is taken to represent the equigranular mortar texture. first indication of fenitization. This stage is well docu-
The volcanic nephelinites are characterized by a mented for sample OL17/18 as well as for samples phenocrystic texture as distinguished by Donaldson et al. OL18/3a and OL18/3b. The interaction of quartz with (1987) . Nepheline and faintly green aegirine augite are the fenitizing fluids in amphibolites includes the par-the main phenocryst phases, Ti-garnet is a subordinate ticipation of the hastingsitic amphibole. The reaction phase and combeite is present as a widespread microcryst product is evidenced by a seam of clinopyroxene and in sample OL17/17. The groundmass of sample OL18/ biotite, with aegirine augite deposited predominantly 1 is devitrified and in part altered to calcite. towards the quartz grains and biotite towards the crystals of amphibole. In some parts of these fenitized samples a 'whiskery' rim of green sodic pyroxene envelops the amphibole grains [see also Morogan & Martin (1985) ]. Bulk rock composition
As the syenitic amphibolites OL17/6 and OL17/16 also The chemical compositions of the investigated volcanic show this decomposition of amphiboles, both samples and plutonic blocks (Table 1) reflect the variability shown are associated with the group of quartz fenites.
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Nd and Sr isotope signatures
The new Nd and Sr isotope data for the volcanic and plutonic xenoliths and the natrocarbonatite lava from 17 October 1995 fall into the range of Nd and Sr isotope compositions of Oldoinyo Lengai lavas and plutonic blocks published by Bell & Dawson (1995) and Bell & Simonetti (1996) (Fig. 2, Sr of carbonatite sample OL17/SOL2 plot, within analytical uncertainties, in the natrocarbonatite field defined by Bell & Simonetti (1996) Sr ratios ranging from 0·51268 to 0·51259 and from 0·70437 to 0·70446, respectively. The new data plot therefore exactly on the EACL of Bell & Blenkinsop (1987) .
The two nephelinite samples OL17/17 and OL 18/1 plot into the field of nephelinite I of Bell & Dawson (1995) . Also, the four investigated ijolite samples fall close to this field, with OL18/2 just within the enriched quadrant onto EACL. The Nd and Sr isotope composition of pyroxenite OL17/2 is close to that of jacupirangite BD 4 (Bell & Dawson, 1995) Nd ratios xenoliths are shown by striped fields. Data for silicate lavas from <0·5119, whereas the quartz fenite from precursor granite Donaldson et al. (1987) ; data for plutonic xenoliths from Dawson et al. (1995) .
(OL17/18) is characterized by a radiogenic 87 Sr/ 86 Sr ratio (0·71429). In contrast, syenitic fenites show a smaller variation of Nd and Sr isotope compositions, which ranges from 0·51199 to 0·51239 and from 0·70495 to rocks, and Ba, Sr and Zn are lower (Fig. 1) . Also, the 0·71004, respectively. The biotite-bearing syenitic fenite TiO 2 contents are generally higher than those observed OL17/19WR has a more radiogenic Sr and less radiofor the volcanic silicate rocks. The variations in CaO, genic Nd composition than its cross-cutting aegirine Sr ratios focus of aegirine augite and diopside components in the clino-towards the isotope compositions of the magmatic rocks pyroxenes.
of Oldoinyo Lengai. The fenites form a chemically heterogeneous group. SiO 2 ranges from 46·3 to 76·6 wt %, Al 2 O 3 from 7·7 to 19·0 wt %, and CaO from 0·50 to 11·14 wt %. For most Discussion trace elements including Zr, Sr and Nd, the few analyses presented here do not indicate a systematic variation The fenites of Oldoinyo Lengai are a chemically and from the quartz fenites to the syenitic fenites. In contrast, isotopically heterogeneous group of rocks. On the one the Nb contents increase with increasing grade of fen-hand, this reflects different compositions of their precursor itization. In comparison with the trace element contents rocks. For instance, SiO 2 contents differ considerably of the magmatic rocks, the fenites are characterized in between granite gneisses and amphibolite wall rocks. many cases by lower concentrations, but overlap to larger Likewise, a larger isotopic variance can be expected for crustal segments with a long geological history. On the degrees with the plutonic rocks (Fig. 1) . VOLUME 39 NUMBER 11 & 12 NOV & DEC 1998 of the fenites towards syenitic or ijolitic compositions, as has been pointed out by Morogan & Martin (1985) for During fenitization low-viscosity fluids derived from the magmatic rocks infiltrate the wall rocks and change Oldoinyo Lengai. The syenite OL16/5, which chemically does not differ significantly from the syenitic fenites, can their compositions metasomatically, that is, in the solid state by introduction and removal of chemical com-be considered as the product of such convergence. The Sr diagram than do the Nd and the Sr compositions of the solubility in the fluid. The fixation of these components in the infiltrated wall rocks relates to mineral reactions fenites. This is in good agreement with an origin from a syenitic fenite, which has been affected by higher fluid/ and diffusion processes. Fenitization is thus elementselective and distinctly different from mixing of multi-rock ratios. The magmatic texture of OL16/5 consequently has to be explained as the result of palingenesis. element reservoirs. The development of the con-For the fenites and the silicate magmatic rocks of Oldoinyo Lengai a continuous isotopic evolution from the wall rocks to the magmatic rocks is realized. From the isotopic point of view it cannot be excluded, therefore, that the silicate magmas, at least in part (phonolites, nephelinites of group II), represent palingenetic melts. The Ni and Cr abundances of the nephelinites may corroborate this aspect. Kramm et al. (1997) ]. Inset shows the isotopic data of Oldoinyo Lengai silicate rocks, the isotopic variation can therefore be samples as derived by Bell & Dawson (1995) : Κ, plutonic xenoliths; Φ, phonolites, Β, nephelinites; N I and N II, nephelinites group I interpreted in three ways:
CONCLUSIONS
and group II as defined by Bell & Dawson (1995) . EACL from Bell & (1) the rocks are crystallization products of melts that Blenkinsop (1987) ; HIMU and EM I from Hart (1988) . BE (Bulk were generated by mixing of two mantle components Earth Sr composition) and CHUR (chondritic uniform reservoir Nd composition) from DePaolo & Wasserburg (1976). such as HIMU and EM I (Bell & Dawson, 1995) . The isotope signatures of the fenites then reflect the increasing infiltration of the wall rocks by fluids with mantle type Formation of glass in fenite xenoliths from Oldoinyo isotope signatures, leading to an isotopic convergence Lengai has been reported by Morogan & Martin (1985) , towards the mantle-derived magmatic rocks. who concluded that the glass represents partial melts of (2) The magmas, and thus their crystallization products, the fenites.
are contaminated by assimilation of wall-rock material to The palingenetic formation of a phonolitic to ne-different degrees (Bell & Dawson, 1995; Bell & Simonetti, phelinitic magma requires further steps of fenitization 1996). The degree of this contamination might depend beyond the grade of syenitic fenitization. Critical minerals on the grade of fenitization of the wall rocks before for the metasomatic formation of silica-undersaturated digestion in the melts and, therefore, on the infiltration alkaline compositions are nepheline or other foid minerals of the wall rocks by fluids with mantle-type isotope (Sindern & Kramm, 1997) . Cancrinite has been observed signatures. as the dominant modal component of fenites, e.g. at (3) At least those magmatic silicate rocks that plot into Iivaara (Sindern, 1998 Sr & Martin (1985) described a high-grade fenite with a diagram are derived from palingenetic melts of fenites. nepheline content of 30 vol. %.
The fenites represent wall rocks of crustal levels, which The continuous development of metasomatic rocks were highly altered by fluids with mantle-type isotope towards syenitic and nepheline syenitic compositions may signatures and were finally mobilized. thus indicate the metasomatic formation even of nephelinitic rocks. In a general sense, this compositional convergence of the wall rocks is accompanied by a convergence of isotope compositions in the fenites towards the signatures of the source of the fenitizing fluids,
